We investigate the generation of higher-order optical vector solitons in two transverse dimensions in anisotropic nonlinear media consisting of an incoherent superposition of a Gaussian beam and a higher-order laser mode with a complex internal modal structure. We demonstrate both numerically and experimentally various examples of these stable self-trapped light structures and show that vortex modes carrying topological charge always decay into multiple-humped structures that remain self trapped during propagation. Furthermore, we demonstrate the mutual stabilization of a triple-and a double-humped transverse light structure leading to the formation of a two-dimensional vector soliton without a stabilizing fundamental Gaussian mode.
I. INTRODUCTION
Stable self focusing of light in a medium with a saturable Kerr-type nonlinearity has attracted much research interest within the last decade ͓1͔. A monochromatic and highly coherent light beam propagating in a saturable nonlinear material induces a refractive index modulation that counterbalances the natural diffraction. Therefore, the beam remains self trapped and propagates as the fundamental mode of its self-induced waveguide. These self-focused light structures that consist of only one optical field are denoted as scalar solitons. In contrast, vector solitons are self-trapped optical beams that consist of more than one optical field. They were first suggested by Manakov ͓2͔ for the case of a Kerr nonlinearity and two beams of different polarization states ͓3͔. Here, at least two copropagating beams interact via the nonlinear response of the material and jointly induce a multimode waveguide in which they propagate as eigenmodes ͓4͔. It is essential for the formation of all kinds of vector solitons that the interference between the individual components must not contribute to the induced refractive index change ⌬n, and therefore, it has to be destroyed. For this purpose it is convenient to use mutually incoherent components.
Optical spatial vector solitons have been extensively analyzed in the planar (1ϩ1)-dimensional ͑D͒ geometry in media with a Kerr-like saturable optical nonlinearity. Various combinations of a fundamental single-humped and a doublehumped beam were observed experimentally ͓5͔ and studied theoretically ͓6͔. Further on, collision-induced shape transformation ͓7͔ as well as energy exchange upon collision ͓8͔ of these soliton pairs have been reported. Recently, the existence of multicomponent solitary waves in two transverse dimensions has been predicted on the basis of a saturable and isotropic model ͓9,10͔ and subsequently has been observed in experiments ͓11,12͔. They consist of one bell-shaped Gaussian beam and a second beam bearing a higher-order laser mode of Hermite-Gaussian ͑HG͒ or Laguerre-Gaussian ͑LG͒ type. Among various possible configurations it is particularly the HG 01 -like dipole mode that allows the generation of a very robust type of optical spatial vector soliton; the dipole-mode vector soliton. In contrast, all combinations of a fundamental Gaussian mode and a LG 01 -modelike vortex carrying topological charge (mϭ1) are linearly unstable and decay into a stable dipole-mode structure carrying angular momentum ͓10,11͔. The robustness of the dipole-mode vector soliton motivates the investigations on higher-order multihumped solitary waves. Multihumped self-trapped optical beams have only been realized in the planar (1ϩ1)D geometry so far ͓5͔ and a numerical stability analysis revealed that combinations consisting of higher-order modes such as triple-humped transverse light structures are linearly unstable ͓6͔. The instability that leads to a breakup of the combined structures becomes dominant at large propagation distances and was therefore not observed experimentally. Previous theoretical investigations that describe the formation of vector solitons in photorefractive crystals are based on saturable and isotropic nonlinear models ͓9,10͔. However, the photorefractive nonlinearity is of anisotropic nature ͓13͔ and therefore, the experimental results deviate from numerical simulations. Here, we present a numerical analysis of vector solitons in bulk anisotropic medium. It is particularly the nonlocal nature of the anisotropic refractive index change in a DCelectric field biased strontium barium niobate ͑SBN͒ photorefractive crystal that supports the formation of these multicomponent solitary waves with an elaborate geometry. Moreover, we demonstrate experimentally and numerically the existence of composite solitons consisting of higherorder modes.
Our contribution is divided into three main parts. First, we demonstrate that the incoherent combination of a Gaussian and a vortex beam with a topological charge of mϭ2 does not form a stable self-trapped structure but decays via an intermediate state consisting of two single-charged vortices into a triple-humped structure ͑THS͒. Second, we show that the structure, consisting of a triple-humped higher-order mode and a fundamental Gaussian mode, propagates self consistently in the nonlinear material and forms a triple-*Electronic mail: weilnau@uni-muenster.de humped vector soliton. Finally, we demonstrate the mutual stabilization of a double-humped and a triple-humped component that results in the formation of a localized optical light structure even without the fundamental Gaussian component. It is indeed surprising that the combination of two unstable components leads to the formation of a self-trapped state. Therefore, the presence of the stabilizing fundamental Gaussian beam is not a general requirement to generate optical spatial vector solitons in two transverse dimensions.
II. EXPERIMENT
The experimental setup for the generation of optical vector solitons consisting of two components is similar to the one that was earlier described in ͓11͔. We derive two beams from a frequency-doubled Nd:YAG-laser (ϭ532 nm) with the help of a Mach-Zehnder-like configuration. One of the beams is transmitted through a phase mask to get the required transversal profile for the higher-order mode in the first diffraction order. The second Gaussian beam is reflected by a mirror mounted on a piezoelectric device that oscillates at about 1 kHz before it is recombined with the first beam bearing the higher-order mode. Due to the crystal's noninstantaneous response it cannot follow the interference fluctuations induced by the fast oscillating mirror. With this technique, we obtain two effectively incoherent but copropagating optical beams that will become the constituents of the higher-order vector soliton. Finally they are focused onto the front face of a cerium-doped ͑0.002% wt.͒ SBN:60 crystal with dimensions of 13.5ϫ5ϫ5 mm 3 , (aϫbϫc). The beam spot size at the crystal front face is about 12 m full width at half maximum. They propagate either along the crystal's a or b axis that corresponds to a propagation length of 5 or 13.5 mm, respectively. The crystal is biased with a DCelectric field of 1.5-2 kV along its c axis in order to use the large r 33 electro-optic coefficient of SBN. Additionally, the crystal is illuminated with incoherent white light to control the degree of saturation of the nonlinearity that is in the range of unity for all our experiments. Finally, we image the crystal's front and exit face on a charge-coupled device camera connected to a computer system. Due to the slow response of our material, we are able to resolve the single constituents of the multicomponent beam by blocking one component and recording the remaining light intensity from the other constituent within a short time interval of (⌬ Ϸ0.1 s).
A. Experimental results
First, we investigate the copropagation of an optical vortex with topological charge mϭ2 and a fundamental Gaussian component. The vortex beam with a total power of P v ϭ1.6 W is formed by diffraction of a light beam from a computer-generated hologram and is incoherently combined with the Gaussian beam of nearly equal total power P G ϭ1.8 W. Both beams overlap completely while propagating 13.5 mm through the nonlinear material. Figure 1͑a͒ shows the input intensity distribution for the vortex component ͑upper row͒ and the Gaussian component ͑bottom row͒.
Figures 1͑b͒ illustrate the crystal's exit face for the case when each beam propagates separately in the biased nonlinear medium. The double-charged vortex, which has a screwlike transversal phase distribution does not form a selffocused state, it merely disintegrates into three quasisolitons that arrange in a triangular way ͓Fig. 1͑b͒, top͔. This breakup behavior is somehow similar to the theoretical investigations given in ͓14͔. In contrast, the Gaussian beam remains self trapped and forms an ordinary elliptically shaped photorefractive soliton ͓Fig. 1͑b͒, bottom͔. The situation changes completely when both beams copropagate incoherently in the medium, as depicted in Fig. 1͑c͒ . The vortex disintegrates now into three well-defined spots that rearrange along a line that is tilted with respect to the vertical axis by 33°͓Fig. 1͑c͒, top͔. The fundamental Gaussian component basically remains in its shape and becomes slightly elongated in the direction of the triple-humped structure.
To get a deeper insight into the processes taking place in the crystal during the propagation of the two beams, we flip the sample by 90°and use its 5-mm long b axis for our investigations, which displays equal nonlinear properties. With an external voltage of 1.8 kV and beam powers of P v ϭ1.7 W and P G ϭ1.9 W, the boundary conditions are nearly unchanged. Figure 2͑a͒ illustrates the vortex component after 5 mm simultaneous propagation with the fundamental beam. It does not yet disintegrate into several beamlets but retains its initial donutlike shape and just shows some irregularities that stem from the growing instability during propagation. Via interference with a mutually coherent plane wave we record the interference pattern and thereby visualize the vortex' phase distribution that is illustrated magnified in Fig. 2͑b͒ . We clearly identify two singlecharged vortices at the position of the two dark spots in Fig.  2͑a͒ with their phase dislocation indicated by the arrows in Fig. 2͑b͒ . It shows that a higher-order vortex of charge m ϭn is topologically unstable and decays into n vortices with charge mϭ1. This was earlier demonstrated in ͓15͔ for the case of a defocusing nonlinearity and is in fact a general property of optical beams carrying topological charge even in a linear medium. Fig. 1 and the appropriate interference pattern with a plane wave after a propagation of 13.5 mm ͓Fig. 2͑d͔͒. It clearly shows that the resulting fringes that appear at the location of the three spots are all shifted by . This demonstrates that the initial phase dislocation of the double-charged vortex transforms first into two closely separated single-charged vortices that then subsequently induce two transversal phase shifts of and form a triple-humped structure. The subsequent transition from a modulated donut-shaped structure in Fig. 2͑a͒ into a triplepeak structure depicted in Fig. 2͑c͒ is a characteristic feature for the propagation of double-charged optical vortices in saturable self-focusing medium, and was already observed in atomic vapor ͓16͔. In such a system, the single steps of the transition could be visualized by increasing the strength of the nonlinear effect continuously. If the nonlinearity is weak, which is comparable to short propagation distances, the vortex disintegrates and forms two bright spots located on opposite sides of the initial donut. Enhancing the strength of the nonlinear effect, the two lobes start to attract each other and rotate about their common axis and a central peak will be generated. Due to the inherent phase singularities, the single lobes will not fuse but start to repel mutually and separate from each other. Experiments in the isotropic atomic vapor displayed a continuous helical motion of the three beamlets due to a nonvanishing angular momentum carried by the initial vortex beam. In contrast, the anisotropic photorefractive nonlinear system does not support a spiraling motion of the single lobes due to its symmetry-breaking property. Nevertheless, the transverse angular momentum of the vortex component does not vanish but induces an oscillation of the triple-peak structure in the transverse plane. This phenomenon seems to be a generic feature of anisotropic systems, since the interaction of two scalar solitons supports a continuous spiraling motion for an isotropic model ͓17͔ and an oscillating motion for the anisotropic model ͓18͔.
So far, we have shown that a vector soliton consisting of a double-charged optical vortex in one component and a fundamental Gaussian beam in the second component is unstable and decays into a triple-humped structure during propagation. Now, the nontrivial question arises whether such a THS represents one component of a stable vector soliton. For this purpose, we implement a second experiment where we produce such a triple-humped beam directly and combine it with a fundamental Gaussian beam in the nonlinear medium. We modify the experimental setup and derive four separate beams from our laser source. After being reflected from piezomounted mirrors, they are recombined by several beam splitters and focused onto the front face of the crystal. Three mutually coherent beams are aligned parallel in the direction perpendicular to the crystal's c axis forming the triplehumped higher-order mode. The relative phase of these peaks is shifted by , which is controlled by piezomechanical drivers. The remaining fourth beam bearing the fundamental Gaussian mode gets effectively incoherent relative to the higher-order component by the reflection from the oscillating mirror, a technique that has been already used in the experiment described above. The result of this investigation is depicted in Fig. 3 .
The upper row demonstrates the higher-order, HG 02 -like component whereas the fundamental mode is represented in the bottom row. Figures 3͑a͒ illustrate the input intensity of the two components with equal total beam power of P THS ϭ P Gauss ϭ1.9 W. Figures 3͑b͒ show the evolution of the two beams propagating separately over a distance of 13.5 mm in the crystal biased with 1.8 kV. The lobes of the higher-order component propagate in a self-focused way through the nonlinear material. The refractive index change in between the bright spots is much smaller than in the illuminated areas because of the -phase shift between adjacent lobes. As a consequence, light will only be attracted in the bright beamlets that therefore appear to repel each other ͓Fig. 3͑b͒, top͔. For example, they experience a ''repulsive force,'' whereas the Gaussian component forms an ordinary elliptically shaped photorefractive soliton ͓Fig. 3͑b͒, bottom͔. In the case when both components are present, the three peaks of the THS remain self trapped during the propagation and leave the crystal nearly unchanged compared to the input intensity distribution, as depicted in Fig. 3͑c͒ . It is obvious that the Gaussian component stabilizes the whole structure and prevents the single beamlets of the THS from separation during propagation. We conclude that the copropagating higher-order mode and the fundamental Gaussian beam form indeed a triple-humped vector soliton in a photorefractive nonlinear medium. Both components induce a multimode waveguide in which they propagate as eigenmodes. It is essential to mention here that the THS is not just guided by the waveguide induced by the fundamental component, because both beams are of comparable total power and induce therefore a joint refractive index modulation in which they both propagate self consistently. Even though some parts of the THS are not overlapping with the Gaussian component initially, they experience a strong attraction that is due to the nonlocal change of the refractive index induced by the Gaussian beam. Consequently, the shape of the fundamental Gaussian component gets affected in the same way by the presence of the THS and becomes stretched in the vertical direction ͓Fig. 3͑c͒, bottom͔. It is interesting to note that the three lobes of the separately propagating THS depicted in Fig. 3͑b͒ have slightly different intensity and do not align properly along a vertical axis. This effect can be understood in terms of the diffusion-dominated charge-carrier transport process that comes into play for higher-beam intensities and results in a deviation of the beam's trajectory in the direction of the externally applied electric field, which is commonly denoted as bending ͓19͔. As a consequence, the less intense innermost hump bends less to the left during propagation.
Finally, we investigate the question wether it is possible to generate a vector soliton consisting of a combination of two higher-order modes without the fundamental Gaussian mode. Although, a successful self trapping of a double-and triple-humped structure has been reported in the planar geometry ͓5͔, it has never been observed in the (2ϩ1)D configuration before. To generate such a configuration, we derive a double-and a triple-humped mode beam from our laser with the help of several beam splitters and mirrors mounted on piezo-electric elements. Each higher-order mode constitutes of two or three mutually coherent and parallelly propagating beams, respectively. The reflection of one component from an oscillating mirror destroys the coherence in the same way as described above. The triple-and doublehumped beam are coupled into the crystal in such a way that the peaks of the dipole beam overlap with the dark notches of the THS. Both components are shown in the top and bottom row of Fig. 4 , respectively.
The input intensity distribution is given in Figs. 4͑a͒, while the result of the separate propagation of 13.5 mm in the 1.9 kV-biased crystal is shown in Figs. 4͑b͒. Neither the THS ( P THS ϭ2.2 W) in the upper row nor the dipole ( P d ϭ2.6 W) underneath form a localized and nondiverging structure. The single lobes of both components repel each other during propagation due to the phase between neighboring lobes. The relative distance of the marginal beamlets of the THS increases from 80 m at the input face to 175 m at the output face, as well as the dipole peaks gain about 35 m in distance while propagating through the nonlinear medium. The scenario changes drastically when both components copropagate simultaneously in the crystal. The vertical circumference of the triple-humped component reduces to 110 m and the dipole's vertical distance gets even smaller than at the crystal's front face. Generally, both components maintain their transverse shape. The innermost peak of the triple-humped component gets elongated in the vertical direction ͓Fig. 4͑c͒, top͔ as it basically traps the two beamlets of the dipole ͓Fig. 4͑c͒, bottom͔ which in turn, trap the two marginal beamlets of the THS. So, the combination of both higher-order components forms a bound self-focused state whereas both constituents itself diverge during propagation. The mutual stabilization of these multihumped light structures reveals that it is possible to generate self-trapped optical beams with a complex internal structure even in the absence of a fundamental and nodeless Gaussian beam. Due to the limited dimensions of our crystal and the restriction to two observation planes at zϭ5 and 13.5 mm statements about the stability and the propagation behavior of these solitary waves are not very reliable and will therefore be treated in the following theoretical section.
III. THEORY
Here, we investigate the propagation of higher-order modes in an anisotropic nonlinear medium numerically to support and extend the results of the experiments described above. The propagation of two mutually incoherent beams in a photorefractive medium may be described by the paraxial approximation for optical beams ͓18͔
Generation of a vector soliton from a double-triplehumped pair. ͑a͒ input intensity distributions, ͑b͒ output after a separate propagation of 13.5 mm, and ͑c͒ both components copropagating.
where A 1,2 represents the slowly varying amplitude of the two optical fields. z is the direction of propagation, ⌬ Ќ represents the transverse Laplacian ‫ץ(‬ 2 /‫ץ‬x 2 ϩ‫ץ‬ 2 /‫ץ‬y 2 ), and describes the material's electrostatic potential induced by the two beams. ␥ϭk 2 n 0 2 w 2 r eff is the coupling constant, k is the wave number, n 0 is the material's ordinary refractive index, w is the beam waist at the crystal's front face, and r eff represents the effective electro-optic coefficient. The transverse coordinates x and y are scaled by the beam waist w and the propagation coordinate z is scaled by the diffraction length L D ϭknw 2 . With typical beam waist parameters of 10-12 m and an ordinary refractive index of SBN of n ϭ2.3 a single diffraction length is equivalent to 3-4 mm in the real physical system. The electrostatic potential is given by a material equation derived from the Kukhtarev model for a photorefractive nonlinearity ͓13͔
Here, the normalized intensity Iϭ1ϩ͉A 1 ͉ 2 ϩ͉A 2 ͉ 2 is given in units of the saturation intensity, and E 0 describes the external electric field that is applied in the horizontal transverse x direction. The diffusion of the charge carriers that is small compared to the drift effect due to the external electric field is neglected here. The system of equations is not integrable and therefore no analytical solutions can be determined. Therefore, we restrict on the split-step Fourier method ͓21͔ and demonstrate the evolution of the beams within a parameter range comparable to the experimental conditions. Figure 5 demonstrates the spatial evolution of a copropagating vortex beam (mϭ2) and a fundamental Gaussian mode. Both mutually incoherent components are depicted separately in the upper and bottom row for different propagation distances with an applied voltage of 4.5 kV/cm. In Fig. 5͑a͒ , the input intensity is given. Figure 5͑b͒ shows the evolution at zϭ0.25. The vortex component ͓Fig. 5͑b͒, top͔ starts to disintegrate and develops two instead of one dark notch in its center, which is similar to the experimentally observed structure depicted in Fig. 2͑a͒ . When propagating further to zϭ0.5, the vortex beam transforms first into a two-peak-structure ͓Fig. 5͑c͒, top͔ and later into a triplehumped component that lasts for several propagation lengths ͓Figs. 5͑d͒-5͑f͔͒. This scenario was also observed in ͓16͔ for the case of a saturable nonlinear medium. Because of the initial screwlike transverse phase distribution of the vortex beam, the whole structure bears a nonvanishing angular momentum. In contrast to isotropic simulations presented in ͓10,16͔, we do not observe a smooth rotation of the higherorder component, but detect an angular oscillation around its central peak. This effect arises from the anisotropy of the model we used in our simulations. We never observe a horizontal orientation of the three beamlets. In anisotropic simulations, the induced refractive index change is negative at the horizontal margins of the light structures and acts in a defocusing way ͓22͔.Therefore, the THS will never align in the horizontal direction of the applied electric field.
A. Numerical results
It is the influence of the fundamental Gaussian component that keeps the higher-order mode trapped during propagation, otherwise the vortex beam would completely disintegrate after a few diffraction lengths. It is only natural that the Gaussian component also becomes affected since both components have equal total power and jointly induce the multimode waveguide in which they both propagate. As a consequence, it becomes elliptically shaped in the direction of the THS axis ͓Figs. 5͑d͒-5͑f͒, bottom row͔. These numerical calculations are in qualitative agreement to the experimental results depicted in Figs. 1 and 2 . The simulation of the vortex component in Fig. 5͑b͒ and the experimental picture in Fig.  2͑a͒ show almost identical results for a relatively short propagation length. In the case when both components propagate for a distance of 13.5 mm, which corresponds to about paper diffraction lengths in the numerical simulations, the experiment as well as the simulations reveal that the vortex component undergoes a transition into a THS with nonzero angular momentum. In the next step, we investigate numerically the formation of a triple-humped vector soliton consisting of a THS and a nodeless fundamental mode as already demonstrated experimentally in Fig. 3 . The propagation behavior of the two incoherently coupled modes is depicted in Fig. 6 . The single frames are arranged in a similar way as in Fig. 3 . The input intensity distribution is given in Figs. 6͑a͒ for the triple-humped ͑top͒ and the Gaussian component ͑bottom͒. The evolution after an independent propagation of two diffraction lengths (zϭ2) is given in Fig. 6͑b͒ . It can be clearly seen that the three out-of-phase lobes of the higher-order component strongly repel each other during propagation ͓Fig. 6͑b͒, top͔ and that the Gaussian mode forms an ordinary photorefractive soliton ͓Fig. 6͑b͒, bottom͔. The triple-humped mode itself does not form a self-trapped state as already demonstrated in the experiment in Fig. 3͑b͒ . The four frames in Figs. 6͑c͒ and 6͑d͒ demonstrate the trapping of the triple-humped mode at the propagation steps z ϭ3 and 4 when it copropagates with the fundamental Gaussian beam. A comparison of the THS in ͑c͒ with the one depicted in ͑d͒ shows that the relative intensities of the three beamlets fluctuate during the propagation through the crystal. We infer that the initial intensity distribution is not an exact solution of Eqs. ͑1͒ and ͑2͒ but approximates a spatial vector soliton that is stable with respect to small amplitude deviations for at least ten diffraction lengths in propagation distance. Again, a complete agreement with the experimental results demonstrated in Fig. 3 is obvious.
To complete our investigations on higher-order mode vector solitons in saturable anisotropic media, we finally carry out some numerical simulations on the generation of a double-and a triple-humped vector soliton complex. Similar to the experiments and the numerical procedures described above, we combine a double-triple-humped pair of beams with equal total power in the nonlinear medium biased by an external voltage of 3.6 kV. Neither the dipole component nor the THS form a self-trapped state when propagating separately, as already demonstrated above. However, the incoherent coupling of both beams leads to the formation of a localized light structure. Figure 7 demonstrates the evolution of a triple-humped optical beam with two -phase shifts in the upper row, and the dipole-mode beam in the bottom row ͓Fig. 7͑a͔͒. In the case of an independent propagation, each component itself spreads in the transverse plane and does not form a localized state ͓Fig. 7͑b͔͒. The initial intensity distribution of the triple-humped component varies slightly from the simulation depicted in Fig. 6 . As a consequence, the innermost peak interferes destructively with the two marginal peaks after zϭ2. It is the incoherent combination of the two modes that finally prevents the repulsion of the single beamlets as demonstrated in Figs. 7 ͑c͒ and 7͑d͒ for propagation distances of zϭ3 and 4. Again, the theoretical simulations are in a qualitative agreement compared with the experimentally observed structures depicted in Fig. 4 . Since we start from arbitrary initial conditions for the distance and relative intensity of the single lobes, the propagation of the two components comes along with strong fluctuations in intensity and distance. Our simulations, as well as our experimental investigations, demonstrate the general effect of mutual stabilization of the two components, but the shape of the components retains only for relatively short propagation distances of z Ϸ5. Exceeding this typical distance, the fluctuations in relative intensity and distance increase remarkably and the triple-humped structure decays into a single-humped one, which finally traps the two lobes of the dipole component. A propagation distance of five diffraction lengths is beyond our experimental limit, and therefore the breakup could only be seen in the numerical simulations. Deriving a numerical solution for the initial beam profiles from the Eqs. ͑1͒ and ͑2͒, one might find stationary solutions for double-triple humped multicomponent solitary waves. A promising numerical procedure is the one proposed by Zozulya et al. and Petviashvili ͓20, 23͔ , but its application is beyond the scope of the work presented here.
IV. CONCLUSIONS
In conclusion, we have demonstrated the generation of higher-order mode vector solitons in a bulk saturable anisotropic nonlinear medium experimentally and numerically. We have shown that an optical vortex with a topological charge of mϭ2 is unstable and undergoes a transition into a triple-humped light structure when copropagating with a mutual incoherent Gaussian beam of equal total power. The beams interact only due to the non-local response of the material that is essential for the generation of these triplehumped structures. Additionally, we demonstrate that once a THS structure forms, it remains as a component of a stable vector soliton. Finally, it is even possible to generate a nondiverging light structure consisting of two higher-order modes that display a diverging propagation behavior when propagating separately. The mutual self trapping can be observed at least for a considerable propagation distance before the composite self-trapped light structures may disintegrate. FIG. 6 . Numerical simulation of the triple-humped vector soliton generation. Upper row, the THS, bottom row the fundamental Gaussian component with ͑a͒ input intensity distribution, beam evolution at zϭ2 for a separate propagation ͑b͒ and simultaneous propagation at zϭ3 ͑c͒ and zϭ4 ͑d͒.
FIG. 7. Numerical simulation:
The mutual stabilization of the two separating modes. Separate propagation of zϭ2 is given in ͑b͒. The copropagating modes for propagation lengths of zϭ3 ͑c͒ and zϭ4 ͑d͒.
